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,

l’h IIotatiollal  cmlvwlie.ncc.,  the. iIIdcx k f;tfi~ k flolll  ( 1  ill ( 4 )  cwcII  th(m~,li we aTc j~l st.uidy-fi(htc..

Sinm the. p,(ml is to e.f;ti)rlatc  the clua~ltitim;  (Ii lITI(l hi it is collvc.lliclli,  to Cdle.c.t  t} IC.&W qualltitiex ill a
shl~,l(! vW.tclI o (lcfilld  m follows,

o = [d’,u’]~’ (6)
.-,

0 : [q, . . .. [1.,’ 1’; L = [b,, ,,,, b,,y (i’)

1 d the IIoise.  trallsfc.1  fullc.tioll  IIe CIWOIII])CW.(1  w,

(8)wd(2-’):  ~iv(2-’)

AmuIIIe  that. ?Il ]WI;O(lS  c) ffiltme.d  in])ut/output  data  tia,  j$ ZIIC (dkctd at st.c.~lcly-state.  ]klok
th(! output  data flo)rl thcl?th  p(’li(l(l ax,

fol k: (),,,., N,- 1 alldt= 1,.,,, ?/1.

(k)] IstIuc.t ]JalIt cstilllatc.  1’8 hy iiVC.J  at,ill~, 1 )F’-l”f: as f[llklwf;,

(11)

AssulIiill~,  o is k~LowIL, aIId ?II > 1 v;i IIdows clf data a?c. t,aku I ill stwdy-sta.  k, tile m.oci.  e.TIOI
~,]c,l,al,ilit,y  clistljt,lltic,l,s  ale t,ive.1,  af;,

.
(!o ~ [ii],..., ii,,,, ],..., il,,J~’ (14)

4



(16)

c = di(l.()[q], . . . . C,,,,,,];  Cii : I-i’V({:- j“’i7’)12/(~2(Yi ?lLN~) (1’/)

w} Ie.Ie  N(~, X) is a. ]Iiultivarjate NOIIIIal  clidrjl)ut.iwl with lIIWIII k alicl covaliallc.c  X, Zilld f(l))

CICIIOM a(Mi-Squa.re.d  clistributiml with v dc.grc.m of frecdmn.

If CI is unknown, it C.MI  be. mtimatmd as follows,

where,

l’~(b.)~)  2
{

~, >~j~ ] ~~(b.~l)  fO* L.>l OT b.~~, ~ i], 11~ (19)
o cAhcI wise

I t  i~ noted t h a t  tho fml[inlatioh ill ( 1 8 )  is ow the. t w c j - s i d e d  IJW’ qmtI UIII, aTId that Y8 ili ( 1 9 )  is

zcvoed out  a.t all haT ]llcnlic.  c.cIIIIpo IIw Its w h i c h  have.  mm cvIcvg,  y in u“. ‘J’}li.s  g,eIIc.I  al foll(lula allows
the clcsit,ner  fre.eclolli  to exclude harlnonic.s  in the IIlultisinusc)idal  SUIII  (2.).

If o is cstilnate.cl  using (1 8), MI(1  ?rl windows of data ale takml  i~l steady -sta,tc., the. c:zact  cwror
})lol)a.l)ility  distributicms arc givcn[ as,

(?J )

WIICI e .l’(vl, HZ) dc!llc~tcx a l“ishm clistlil~utic)ll  with v] and v2 de.~,1 em of flee.dolrl, alId i(l/) dc.IIotcs
a Studc.Ilt t distrihutio~i with P dc.g,lcws  of fI C.CK1OIII.

‘~’hc  (1 - a) X 1  0 0 %  confidcmc.c.  IQg,ion fo r  the c.mw c~f 02 e.stilllatwl  I)y 62 is a IICV  fm.t circle.
CC.lltC.ICd  at I’#(Q)i)  ~ Li ‘i jfii Of radius  (~ W} ICIC.  fIOlll (?1 ),

(22)

]f th[! IIok tra.ll~f~r  fUIIC.tiOll  Wd L u}V is c.o~llplctely  unkncw:ll ,  i t  c.aTI IN cstilllatccl  usi?lg  w

a]q)roxilnat,c  (asyl[lptotic.) arlalysi$  as F,ivwl ill this scc.ticm,
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IJcm this purpcm.,  the follcw’ing assumption  is niade,

A s~u]iiptbkl  1 Asm]rlc that  the lcmgt}I of tho cla.ta  window 7;, = ? ‘N8 is larg,(!  co] II ]) ZLTCX] to t}l c!

tilile ccmstarlts of ‘W arid its inverse ‘W- ]. b

Since u, is a ~]e.ric)dic.  functio]l ,  i t  Call IW 8}IOWII  tha.1, t)~(’l~i)  : lJ#(LL~~)/-B’’(t-  j~’i~’) (i.e.,  i]lve.rse
filte.rillg  hy ‘W is C.c]uivalmlt  to dividinf,  by W in frc!quemcy  clcmLa,i]L),  ‘J’his  propw  ty follcwvs  dime.tly
flo~rl  the Wcdl-knmvll  c.c)rrc.~~)ollclelic.c. botwm.n  c.irculaT c.ollvcdutiolls  a]ld ~ll~lltil)]ic.atic]ll  o f  1)1’1”s,
Mid in ge.ncxd will Ilot holcl  for noli-pe.ricjclic.  riigllal~. ]Icwmvcr, irl light c)f Assu?n~~tioll  1 aTld (9), a,
Si]ltilar  rt!lation  is apprc)xi~[iate]y  true for the. output, i.e.,  Y8~(CL~~)  w l~~(LL~~)/-W(C- j~’~~’). Sub6tituti1~g
them  exprwwions  intc)  (1 J ) givm,

(2.3)

Note  tha t  the  depcnldcvlc.c.  C)II ‘W diviclm  c)ut ill (23) to g,ive c.c)~rl~~utatiolls  c.cnllpletc.]y  i~i I,cu]lls
ullfllte.re.d  qualltitim,  }] C.IIC.Q. , rcmlts (1 1 )-(17) of Scctioll  2.1 hcdd with (1 1 ) replac.e.c] I)y (23), ‘J’his
obmmtim  is c] uc.ia.l  sillcc lJIC filtc.r ‘W~ is assulrlcxl  to tw u~lkncjw~l in t}le  prmmi,  C.WW..  1)1 this c a m ,
the ~llallt  c.arl bc Cstil[iated  by tho ratio of 1 )} ’’’J’s C)f urlfiltered  qumll,itim,

whc.re,
N . - 1 N.- I

Y$(ti)i) : j; Vf(k)c- ““iky’; /J’#(CL)i) . >- II,(k)f:-j’’’ikq’
h: c1 k=:

lcl, tfL : 1 in tile e.x})rmsic)n~  (15)-(1 7), to gmivc statistics  of the ~]latlt  Qstilllate

):] = 02 (% (9
C1 : ] “  cji : 

]-W((!- jk’il’)[2/(fi2(YiN$)C@/[c;l , ,,., c;,,,,, ,
II(I]C)  the su~w.rsc.ript ‘[l” dcmotm that tfL : 1, i,c,,  cnlly  a rsillgk window is used

Sil,c.e. the statistics for c.ac.h  window are Gaussian  allcl give.11  by (26) (wit}l
lllatrix), Cnle  call  Write. th(! sl]c~c.tral  e.sl,  inlatc  at each fre.qumlc.y  grid ~millt  as,

in

(24)

(25)

# c)htainccl  using

(2.6)

(27)

(28)

the cc)llll)lltati{)ll.

d i a~,O1 I al C.OViiT  i a.?!  Cl’.

(m)

(30)

(31)



}Iy AssuIIIptioN 1, mc.h d a t a  wi~ldow is loIIg coInpared to the tiIIIC c.o]lsta,rlts  cjf W allcl hCIIC.C tllc,,
clata winclows  am apprc)ximate.]y  statistically irldcpcmdwlt,  IIy Ilotillg  that t}Ic! spc.c.tral mtilllatc  (’24 )
is all a.vmage c~f lIL  (approxiInat,dy) jlldc!])culdc!llt Ilorllla] Va.rjnte.s, CIIIC! can  i]lvc)kc.  Nc)rJ!la] t h e ’ c ) r y  tc)

an c1 c.cwari  arl cc j n

,~,d@i),2 : }Xl (33)

(35)

(36)

‘J’}Ic  (I - a) x 1 00%} ccHIficlm  I c.e mgicHI for l,hc cam c)f W~ mti~i  Iatecl  by }~~~ is a JJcrfe.c.t c.i I clc
Ct.IltC.rCCl  at ~< (LL>i)  = ii 4 ~h.i Of radius  [i where flOIll  (35),

2.4 11’ransfer }J’undion Curve 1+’itiikig

(37)

~ollsiclcw  tho problmn of finding a raticnial  transfm  func.ticm  )’o(z-  1 ) :- L(z- ] )/o(z.- ] ) whit.}1 ]ni]l-
i]llims  the vwight,e.cl  2-llor~ll  c)f the! error  hctwccxl  itself and s~)c~c.ific:cl  fr(!qucmc.  y dcn[lain  clata }’~,
i.e.,

(38)

A sitnple but approximate algorithm [2.7]  is F,iVC.11  I)y the! fo]lcwing  fixed-point iteration, (dmlotcd
hcm as the SK itcwa.tio~l),

with initial c.ollditio]l  U* : 1, b“ : 0. W i t h  Qk fixccl at cdl ite.ratio~l, the. cost func.ticnl i], (39) is
quadratic.  ill the c.ocflic.icrlts  of a and b, ]leJIc.e,  thc SK iteration js it[lplctlte.nte.d  as a sc.queIIc.e of
li~lc.a.~ least squares  prob]wlis.

‘J”hc  original w o r k  c)f Salla,t}la]la.n  arid Kcm-Ilcr  [27] is fcmlllula.tccl  ill the 1,al)lacc s  do)[la,ill.
1 Mails cjf t}lc  forlilulation  in the z-clo~lla.iJl  with mmc  prac.tic.al  illl~~rc)velllcllts  slid exte.l~sicnls  to
J[lultivaTiablc!  sy8tCJrl&  cam bc! found in [3],

7



2.5 State-Space Realization

(JiveII  P“, one can divide. a(z- ] ) into b(z-l ) tc} give. t}w Markcw pmxmwtcr sequcmc.e  {l~i}. A balanced
statwspacc realization is determined from the Markov parameters {hi} using any OIIC of a nu~nber
of re.alizaticm  nlc:thods  based ml the singular-mluc  clec.ompositicm  [1 8][21]. With this approach, the
]nodc] reduction is performed systmnatic.  ally in terl(l~  of the IIamkcd singula~ valum,  and leads tc) a
dmire.d reduced-ordcw balanced state- spat.c model ~ with re.a~ization  (A, 1), C, l)).

q’hc idcmtificatiom  approach defined by c.cnnbinimg the. c.urvc fitting  step ill Scctic)~l 2.4 and rc-
a,liza.tion  step  in Section 2.5 has certain advantagcm over other existing fre.qucmcy don I ain methods,
and is Clisc.umcd  in more. cletail  ill [4].

2.6 Nonparametric Overhounds

‘J’he error ?’ - # at each grid point cm bc ovcrbounded  by using the following incqu ality,

lA~(~~i)l  : 17)(ti)i)  _ ~([:- jQj~2° ) ) <  It’(b};)  -  }~(ti~~)l + ll\(LL)~)  -  i((- ~“’ig’)l (40)

‘i’hc first tcrJ1l 011 the ri.g;ht hand side of (40) is probabilistic ancl can be overbcmnclccl  tc) any
dcmircxl  c.cnlfidcncc usi~lg the statistics clf spe.c.tra~  csti?natioll  clrc)r (cf., (2.?.) cm (37) ). ~’hc~ se.c.orld

term on the right hand side cm be talc.ulatcxl exactly since }% ancl fi arc known.

ITI this Irla.nnm, a statistic.a,t  ovmbound  t~- R on  the unc.mta,illty call  bc! c.m[lputcxl,  i.e.,

.t~- ‘(ti~i) > /A~(~’i)] (41)

with probability 1 - a for each i = 1, . . . . 7L8, ‘J’hcm the probability c)f cmrbcmncling  all 7L8 data pcints
Sifliultatmcwsly is given by [5],

1-K=
{

(1 - (Y)”” for itldepc.uclcmt  errors
] -  

CYtLS fcw cle.pcndcmt  errors
(42)

With this construction, fj- X is am ow.rbound  on the additiw unc.mtainty  set at all gricl  p o i n t s
b-)i  i = 1, ..,, tL8  simultancous]y  with at least probability 1 - K.

When using (42), the mrcm  at each gI id pclint  cam always be trcmt~.d as cle.pcndent. llowcwm, in
light of Assumption 1, the, chc)ice  1- K = (1 - (Y)’” cm be used with little  cm-or sine.c the fre.qumlc.y
do]na,ill  proccming  tends  to lnakc the el~ors  illde.pmdcmt.

‘1’he. above analysis  on]y ensures ovcrbounding  at. the. grid points. Overbcmncling  ir~-ikttme?~  grid
poirlts call  bc. done. u~itlg a-priori estilnatm  of the dalilpilig,  in the systclil,  as show]) ill [5]. IIcwever,
this interpolation error  will be ig,norc.d ill the prcmnt  analysis since such thcore.tica~ e.xprcxsicms arc
cwe.rl y c.onmrvativ~.  for lightly damlpcd syste.:lis. Ra.the.r,  it is assullled t}lat rcmscnlal)lc  Cmg,inecrillg
judgcmcmt has bcm lna.dc  in the c.hoic.c of fre.qucmc.y  grid so that the: interpolatio~i e.rrc)r  can be
igncmd.  (Such grids arc re.quircxl  anyway for ~[lost other mlgincwring  alialysis, plots,  clc.. ).

2,7 Spectral overbounding  and Factorization

‘J’he. 1,1’S01”  algorithm introduced ill [28] is umd for cletmnining  a. r[lilli~r-lu~[l-~]}lasc  transfer func.tjcm
WA Isuc.h that /WA [ is a tight owrbound  on 1~- ‘(ti~i) i =- 1,..., n,,



FCmning  the. quantity ~A(2)WA(Z-  ] ) aTld cwduating  ml the u~lit circle  gives a?l c!xpr[!ssio~l  of
the. forxll,

(43)

where,
fi(k)) = pcl -1 p~cos(tim)  -1 . ..+ /3,,Lco.s(?fuLW) (44)

a(u) = 14 c!] C.ofi(d’)  + .,, + Cr,r,cos(?l”tir) (45)

‘J’hc. requimnent  that \ WA I bo arl ovc,rbound on some spe.cifiec]  func.ticm  of frequency l(u) is
Q.<JUivakXl~ tCI the rCqUirCIIICWlt  t ha t  IWA 12 ifi all OVWbC)UIld 011  the !  L3qUaR C)f the! fUIIC.tiOIl /? aTld (2AT1

be cwpre.smcl w,

~(’’-’) > P(h)) jor all co c [0, X p]
i(u) -

‘J’hc re.quircrncmt  that lWA/2  be a “tight” ovc.rbouIld  can bc cxprcsmd  as,

wh fm,

(46)

(47)

(48)

here, the criterion mi~limizes  a worst- c.asc. error 6, which is f] equenc.y  wcightmd  Ijy the quantity
q - ] (w), ‘J’he requirelrlcmt  that the. ove.rbound  fi/cY admits spectral  factor  WA cam bc satisficxl  by

cv~suring that (cf.)  Astrcnrl [1]),

p(ti~)/cY(Li))  >0 fo?” all u E [0,77 /7’] (49)

cr(cd) >0 jor  all M C [0,7r/Y’] (50)

Note that cmdition (49) k implied by (46), and condition (50) can bc. c.nforce.d  exl)lic.it.ly  by t}le

cmstrairit,  cx(u)  ~ gr > 0 fcm 80111C. small g, For tc.c.hnic,a]  reasons,  a silIlilar  c.cmstraint  is enfcmc.ec] on
~ as F(co) ~ @ >0 for some mall ~, q’he constrained optin,izaticm,  problem abc,vc cam t,c w~ittcn

cm the frequcmc.y gjd as,
min 6

6,0  jJlj

(5] )

cwbjc.c.t  t o

ft(ti~i) -  .t2(LLJi)CY(CL~i) >0 (W)

~(C.L~a) -  f?2(LLJi)ff(LL)l)  < 15~(&)i)Ck’(LL);) (53)

@(b.Ji)  > @’; CY(CL~i)  > Q! (54)

jor Cdl Cdi, i =- 1,..., fb~

where ~(u) and ~(~1) are. defined by (44). A key otmwvatjcm is that for fixed 6 the optimizaf,ioll
over C Y, @ is simply a. linear  programl[ling  problem to fiII d a ~msitdc:  sc)luiiotl  for the c.ocfli cicmts
cki pi. 11 en c.e, the joint optimimticm  problem call  h solved by a IIested  march  proc.e.durc.  whc.r-c

9



am ou ter-lc)op system aticall y dccrcmes  6 while an inner-loop finds fmsiM~. SOIU tions ill the variables
cl and O for fixed J. ~’his  algorithm is converges to the. globally optifnal scdution  of tkc nonlinear
constrained  minimax  problem defined by (51)(52)(53)(54) [28].

once the solution @/& is found, it can be spcc.trally  factored by factoring /3 = 6’6 and cr = a*a
scpamtel  y as pol yncm] i a.b. W C t hen  C.hO06C  WA = b/a. An exc.clle.nt  algorithm for polynolr~ia]
factorization which avoids solving for roots, is giveu in Kuc.era  [2.0].

3 Robust Control Design

Onc.c  the no]nirral plaTlt  ~(z) atnd add i t ive  uncer t a in ty  AA = AWA(Z) have. been c.ha.ractcrimd
using,  the Irlcthods above,  it becomes a well-known probhm  in the. robust control literature to frnd a
controller with desired robustness prope.rticx.  }Jcn exa.~iiplc,  there is a gene.ral framework fcm robust
control synthesis  based on the. p measure  [15][14] which can be invoked at this point. Alternatively,
the clirmrssion  hc.re will c.onc.cmtrate  on m 31 ~, approac.}1 based on the wcightc!d ?nixc!d-scm  sitivi ty
I]@ problcnl.

For usc with software packages such as [2.] [1 I] which arc applicable to s-domain c.olltrol  design,
it is rlcmssa.ry  to use a q’ustin  tra.?isfc~r]r~atic)]l  (cf., [1 1]) to c.onvcrt the “z” IIlanc!  quantities ~(-?) aTid
WA(2) to the “w” plane  for control dmign, An inverse g’ustill  transforJna.tion  is then usc.d  to convert
th~. control  design back tcj sarrlpled-data, forlll for ilrl~jlc~[~c~ltatiorl. Since the }]m nc)rJrl is invariartt
under the. ‘1’ustin  transforrrration,  robustness and pcvforma  Tic. e bounds  satidicd  by the c.cultrollcr  in
the w plane  will carry over when implcrrle.rited  in the z domain.

3.1 Weighted Mixed Sensitivity problem

It can be showrl that a necessary  and sufIic.icrlt  condition for robust  performance (with ilnplicd
rc)bust stability) cam be written with respect to weighting WA as,

~1(7’) <1, for all w (55)

whcrw,

[
~,. 7w@’, c )  -  ‘yw*s(@)

WAQ(~,  C) - WA Q(I’, C) 1 (56)

S(fi, C) = (1 -1 it’)- 1 ; Q(f’, C) = C(1 + i’C)-l (57)

IIerc,  II. k the structured singular value introduccc]  by IJoyle  [15][1 4], ‘lb find the c.oritrollcr  which
providm  the tmt robust pcrforJr-rant.c froJrl (55) (i.e.,  p-syJ[thcsis),  it is require.d tc) lnaxilni~,e 7 over
c.}lcjic.c c)f L’. g’his is typic. a.lly dollc  irl an iterative. r[~rm~lcr, by first fixi~lg 7 and finding a fc.asiblc
solutioxl  to (55). If’ one exists, the. value.  of 7 is inc.reamd and a new feasib]e soluticnl  is sc)ught.  ‘1’hc
lajrgt!st  value of ~ whic,h  admits a feasible solution (~ is optilllal, Methods for synthcmizillE,  robust
cmtrcdle.rs based 0]1 p-synthesis arc! givcrl in [2].

For the purposes of this papm, control de.sigrl  will be c.onsidere.d in tcrllis  of a rektecl  }1=, criteria
for rc)bu St perform  ante. ]n particular, it can be shown that the fc)llowing inequalities hold [1 O],

10



Wh Cre ,

[
~ ._ Twlso, L’)

W2Q(F,  C) 1

and W2 = WA fcn-the.present application. ‘I’his  implies that

(59)

designing ac.o~IiI~orlsatorto  InuiI]lizc
7 subject to I IJIIW, < 1 will give a result  tc) within 3db of the p-synthesis
a L’ is called the tocightcd  rnizcd-scltsitiuity  }1 ~, prcdkm  in the literature,
available software [1 1].

4 Numerical Example

approach. I’inding such
am d cm be rwlvcd  using

A 50 state model is used for simulation purposes (obtained from the J P], A}L~ identification ex-
periment  [12]). l’he  noise wd is chosen as a. first order lowpam noise filter with 16 ]17, bandwidth
rollofl’, Two hundred windows (i.e., m =. 200), of the steady-state re.sponm tc) a flat Schroeder design
(2), (7’ = .005 seconds, n, = 256, (Yi ; 1), are avcra.ged  and quantities li, 1~~1 arid ci (tc) 95%
cnnfidellc.e)  are generated  using formulas (24)(33)(37), rcxpec.tive]y,  ‘1’hc mtima. tc. 1’$ and its error.
(i are superimposed in Figure. 3 (a), ~’hc. estimate [Wdl is shown jr] Figure  3 (b) supcrjmposed  on
the true lWdl for comparison, It is SCCII that the correspondence is excelle~lt,

q’hc estjlnate 1’. is then curve fitted using the methocl  in Section 2,4 and realized k state-spat.c
forl[l using the method in Section 2,5, ‘1’hc  rea.lizecl ~node]  j and the f i t t i ng  e r ro r  [j - 1’8 I arc.
supcwilnposed  in Figure  3 (c,), Finally, the total  error t~-~ = l} - lj[ -1 c is shown as the da.shed
line in l’igure  3 (d), and ovcrbounded  with a 3rd order WA detcrlnined  hy the 1,}’SOF algorit.h~[l  of
Sccticnl  2.’7. ‘1’he. overbound  WA is plotted with a solid line in F’igure 3 (d) and is SCXV1 to be very
tight as dmired.

‘1’hc  1 I W synthesis software (hinf .m [11 ]), is umd to find a clisc.re.te.  stabilizing, fcedbac.k controller
L’(z) to minimize the discrete  IIw rlorm of the cost function (56) (the. design  is c.o~riputed  directly
in disc.  rete-tilne  a.Tld no q’ustin  transfor]ila,tion  is required),

I’he weightjng  function WI penalizes the systerri for disturbaTlc.e  rejection. l’he. pre.rwnt desigrl
goal is to suppress the first 3 low-damped modes with direct IIw control. g’hem three modes are at
8, 10.5, and 11 IIz. A modal truncation M-file (t-nodreal.m  in [1 1]) gives a 6-state truncated model
of’ the original 50-state jdentificd Irrodel,  l’his Gstatc model is used as the weig}lting func.ticm WI
(see l“igure 4(c.)). l’hc  weighting fur,c.ticm  Wz is takexl as the uncertainty ovmbcnrnd realization WA.

If such an Ilm Controller exists, jt will make the ccmt functjon  C.1OSC  tc) a.11-~]am  i.e., it will IIlakc
the sensitivity function inverse to WI, a.Tld IL’S invers~.  to W2, thereby rejecting  di6turbaTlcm  around
those.  pre-specified modes in the pr-esenc.e  of plant additive uncertainty and a.c.hicving,  the robust
stability and robust  pcrjfortnancc  design goal.

Figure  4 shows the lIW’ design, l’he responses are all well below the invcrm weighting functions
as desired, and t}le  perforlnanc.c index is 7 = .23, }i’igure  5 shows the opcm aTld closccl-loop  transfer
function a.ssoc.iated  wjth the trwc plant.  ‘1’hc  true clcmcd-]oop sydxxn is stable  and de.sired vibration
suppression of the first 3 modes  is achieved,
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,.

5 Conclusions

Simply stated, the results of this paper allow one to design a robust  controller from raw cxperimcmtal
data, Spccificatly,  a frequency domain method identifies both a tin-m-invariant plant (in state-space
form) and its uncertainty bounds. q’he main usefulness of this approa,c,}i is that the bounds  are.
identified as a parametric weighting on the additive uncertainty which can k used directly for
determining a robust  ccmtrol  design. ‘J’he uncertainty bounds can be de.terrnined  to a?ly s~)ecified
statistical confidence, leading to a robust control design which will work as desiglled  on the true
systeln to the same statistical c.onfrdenc.e.  ‘J’his approwh  is a special S1S0 case of the more  general
MIMO method put forth in [6][9].

A numerical example was given to demonstrate the design of a robust  controller for a lightly
damped large  flexible structure to a prescribed 95% confidence led. As expected frolll t}le  theory,
the. controller worked as designed whe]l  connected tc) the true plant model.

A main simplifying assumption is that the unknown plant is linear tilne-i~lva,ria,llt  (1,1’1). While
the method is not strictly valid  when this condition is violated, thmc are some cases when it c.arl
be  6uitably lnodifled. For example, if the plant  has slowly time-varying dynamics which can be
c.ha,rac.terized  by separate means,  the same .sc.henle  can be used by si~np]y  augmenting Figure 1 with
additional uncertainty blocks.

Acknowledgements

‘1’his research was performed at the Jet }’repulsion l,aboratcmy, ~aliforllia. l~lstitute  of ~’ec.hnology,
under contract with the Natiorlal Aeronautics and Space Administration.

References

p]

[2]

[3]

[4]

[5]

[6]

K,J. Astrom, introduction to Stochastic Control Thccvy.  Academic Press, New York, 1970.

G.J. Halas,  J .C. IIoyle,  K. Glover, A. l’acka.rd,  aTld IL Smith, )1-A naly.sis  and Sytithsis ~bolhoz
(p-hcds),  Mathworks,  Natick,  MA, 1991,

1).S. IIayard, “lli,gh-order mu]tivariable  traTlsfer function curve fitting: Algorithms, sparse
matrix methods, aTld experimerltal  results,” Autolnatic.a,  vol. 30, no. 9, pp. 1439-1444, 1994.

1 ).S, Ha.yard,  “An algorithm for state-space frequcnc.y domain identificatiorl without windowing
distortions,” lEFW q’rans. Automatic ~ontrc)l, vol. 39, no. 9, pp. 1880-1885, Septelnbe.r 1994.

1).S. IIayard,  “Statistical plant  set estimaticm using Sc}lroeclcl--~]  }lasecl I[mltisinusoidaj input
design,” J. Applied Mathematics and ~omputation,  vol. 58, PP. 169-198, 1993.

1).S. Nayard  a n d  Y, Yam, “Frequency domai]l  identification for robust control design,” in
lhc Modeling of Umcrtainty in CCiiitd  Systems, Rny S. Smith & Mohamlned  ])ahleh  (I;ds.),
Springer- Verlag: New York, 1994,

15



. .

[7]

[8]

[9]

[10]

[11]

[12]

[13]

[14]

[15]

[16]

[17]

[18]

[19]

[20]

[21]

1).S. Ba.yard, Y. Y a m ,  E. Mettlcm, “A c.ritcriori  for joint  optimization of identification and
robust  control,” IEEE ‘1’rans.  Autorna.tic  Control, Special Mki-issue O?L System Idcntijlcation
for (;onf,rol lks~gn, vol. 37, no. 7, July 1992.

1).S. Bayard  and P.Y.  Hadaegh, “Multivariable  plant set estimation using multisinusc)ida]  input
designs,)’ IFAC SYSID 94 Conference, Copenhagen, l)enrnark, July 1994.

1).S. IIayard,  R.N. Scheid,  R.Y. Chiang,  A, Ahmed,  E. Mettler, “AutcnI”latc!d  lr!cjclcling  and
1 roe. American Control Collfcren CC, 1 la~timore,control synthesis using the MACSYN toolbox,” ‘

Maryland, June 1994,

R,Y. Chiang,  Modern Robust  Conttd  ~’)LCOt’y.  Ph .1). l)isser-tation, Electrical I+hgillcw.ring  l)e-
partmcmt,  University of Southern California,.

R.Y.  Chiang  and M.G. Safonov, Robust-ContWl lbolboz,  The MathWorks, inc. ] 988.

R.Y. Chia.ng, Y, Yam,  IL Mcttlm-,  1).S. I\ayard,  P.Y.  IIa.daegh, A. Ahmcd,  “Syste]I1 identifica-
tion and 1/w synthesis for a non- c.oloc.ated  space structure c.ont rol cx}wrimcnt ,“ l’rc)c.. Alncricarl
Control Conference, San Fa.ncisc.o,  CA, June 1993.

1).K. de Vries, and }’.M ,J, Va?l den IIof, “Qua lltificatioll  of uncertainty in tra~lsfer  funct ion
estimation: a mixed probabilistic-worst case approach ,“ Automatic.a,  vol. 31, no. 4, pp. 543-
558, April 1995.

J .C. l)c)yle,  “Aria Jysis of c.ontrcd  systenls  wit}l strut.turcd uncertainty,” ll(;l(;  l’rcm,  l’art 1), VCJ.
129, }Jp,242,  1982,

J.C. l)oyle,  J.R.  Wall and C. S t e i n , “}’mforll”la.rlcc!  rc)bustness  arlaly~i~ for structured urlc.er-
ta.inty,”  Proc.. IFXtIt Ccmf. IIecision  and Ccmtro],  Orla.lldo,  k’],, ~)p. G29-G3G,  l)ec.e~]lber  1982.

G.C.  Goodwin and M. It. sa~ga.do, ‘ ( Qua.ntific.a.ticm  of uric.ertaillty in cstimat,ion using an err[-
bcdding  principlc~ Proc,  American Control Conference, I’ittsburgh,  }’A, June  21-23, 1989.

G.C.  Goodwin, B. Ninness,  and M .E Salga.do, “Quantification of uncertainty in estimation ,“
Proc.  Ame.ric.an  Control Conference, pp. 2400-2405, San I)iego, CA, 1990.

J .-N Juang and 1/..S. }’appa, “An eigcmsystmn  realization al~orit,hr[l  for nlodal paramcimr idcx\-
tiflcation  and model redu c.tion ,“ J. Guidance, Control and l)ynamic.a, vol. 8, pp. 620-627.
Sept. -Oc.t., 1985.

1/..1,. Kosut,  “on-line ide.ntific.a.ticm  and control tuning of large space structures,” }’roc.  l’ifth
Yale Conference on Adaptive Syst~]ri~ q’hc!ory, Yale University, May 1987.

V. Kucera,  Ihcwtc I,i!iear Co!drol:  7’Lc l’olyj~o!tiial  h’qUCL.f~OIL  Approac}L.  John Wiley and Sons,
Chichestcr,  1979,

S.Y. Kung,  “A new identification and mc)de] reduction algorit}lrn  via singular value clec.om})c)-
sitio?l  ,“ }’roc..  12th A~ilomar Conf, on Circuits, Systelns  and Cornputcu-s, pp. 705-714, l’acific.
Grove, CA, November 1978.



●

☛✌

[22]

[23]

[24]

[25]

[26]

[27]

[28]

[29]

[30]

R.O.  l,aMaire,  1,. Valavani, M. Athans  and G. Stein, “A frequency-domain estimator fcw use
in adaptive control systems,” Automatic, vol. 27, no. 1, pp. 23-38, January 1991.

1,. Ljung,  System  Ickntijkntion: l?mry for i%c tJscr,  Prentic.e-}1  all, Fhe;lc.woocl  Cliffs ,  Ncw
Jersey, 1987.

P,J. Parker and R. R,, Bitmead,  “Adaptive frequency rcsponm  identification,” in }’roc.  26th
IEEE Conference on l)ecision and Control, Los An.gelcs,  CA, Ilecember  1987.

1).IIL Rivcra,  J. F’. Pollard, 1,.E, Sterman,  and C. It. Garcia., “ATl industrial pcmspec.tive  on
control-relevant idcmtific,a.tion  ,“ Proc.. American Contrcd  Conference, pp. 2406-2411, San l)iego,
CA, 1990.

M .G. Sa.fonov and R,}’. Chia.ng, “p-synthesis robust  control: What’s wrong and hc)w to fix it?,”
IItl’;lt  Regional Conf, on Aerospace Control Systems, q’housand Oaks,  CA, May 25-27, 1993.

C.K.  Sanathanan and J. Koerne.r, ‘(gkansfcr  function synthesis as a ratio of two c.olllplcx  poly-
nomials,” IEEE ‘1’rans.  Automatic Control, vol. 8, pp. 56-58, 1963.

R,.II;. Schcid, 11,S. IIa.yard, “A globally optimal Ininima,x  solution for spcc.tra] ovc!rbounding  and
factorization ,“ l~(~ltl’:  ‘1’rans.  Autcnnatic.  Coxltrol, vol. 40, no. 4, p~~. 71 ‘2.-716, April 1995.

M ,R, Schroeder, “Synthesis of low peak-factor signals and binary scquenc.es  of low autc)-
correlation ,“ IE1’;l;  g’rans. Information q’hecmy, Jan. 1970.

R.S. Smith and J.C. Doyle, ‘(Model validation: A c.onne.ction  between robust control and
identification,” l’roe, American Control Conference, l’ittsbur-gh,  I’A, JuIle 21-23, 1989.

17


